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ABSTRACT 

A 1.5 i n c h  d i a m e t e r ,  LID = 1, s p i r a l - g r o o v e d ,  g a s  j o u r n a l  b e a r i n g  w i t h  a r o t o r  

we igh t  of 2-118 l b .  p e r  b e a r i n g ,  mounted i n  a hous ing  ( t o t a l  we igh t  of approx-  

i m a t e l y  100 lb.) was s u b j e c t e d  t o  a one (1) g v i b r a t i n g  load  ove r  a f r e q u e n c y  

spec t rum o f  20 t o  2000 c p s .  T e s t s  were made a t  r o t o r  speeds  of 12 ,000 ,  20,000 

and 30,000 rpm. The o n l y  s t a t i c  b e a r i n g  load imposed was t h e  r o t o r  w e i g h t .  The 

i n - l i n e  and p e r p e n d i c u l a r  f r equency  r e s p o n s e s  of t h e  r o t o r  (bo th  magnitude and 

phase  a n g l e )  were measured and r e c o r d e d .  No s i g n  of b e a r i n g  touchdown was de-  

t e c t e d .  C o r r e l a t i o n  between t h i s  expe r imen ta l  d a t a  and a v a i l a b l e  t h e o r e t i c a l  

d a t a  was good.  
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INTRODUCTION 

R e c e n t l y ,  expe r imen t s  were made on t h e  s p i r a l - g r o o v e d ,  g a s  j o u r n a l  b e a r i n g  t o  

t e s t  i t s  s t e a d y - s t a t e  performance (Ref .  1) .  T h i s  b e a r i n g  performed w e l l  when 

s u b j e c t e d  t o  a s t e a d y . a p p l i e d  l o a d ;  i . e . ,  i t  c a r r i e d  t h e  load  a t  t h e  eccen-  

t r i c i t y  p r e d i c t e d  by t h e o r y .  A l so ,  no s i g n  of b e a r i n g  w h i r l  i n s t a b i l i t y  was 

d e t e c t e d  i n  t h e  speed r ange  of t h e  i n v e s t i g a t i o n ,  

The n e x t  n a t u r a l  s t e p  was t o  t e s t  t h e  performance of t h e  same b e a r i n g  under a 

v i b r a t o r y ,  e x t e r n a l l y  a p p l i e d  l o a d .  Under C o n t r a c t  Nonr-3730(00),  Task NR 

062-317/4-7-66,  t h e s e  t e s t s  have been performed and t h e  r e s u l t s  a r e  t h e  sub-  

j e c t  o f  t h i s  r e p o r t .  

A number o f  r e p o r t s  have been p u b l i s h e d  on t h e  f r equency  r e s p o n s e  of a r o t o r  

i n  g a s  b e a r i n g s  ( e . g .  R e f s .  2 ,  3 and 4) - a l l  a r e  t h e o r e t i c a l  i n  n a t u r e .  Some 

t h e o r e t i c a l  f r equency  r e s p o n s e  d a t a  h a s  been made a v a i l a b l e  i n  Refe rence  2 

f o r  t h e  p l a i n  i n f i n i t e l y - l o n g  b e a r i n g .  The p a r t i c u l a r  a n a l y s i s  was ex tended  

t o  t h e  f i n i t e ,  p l a i n  b e a r i n g  i n  Refe rence  3 .  T h e o r e t i c a l  f r equency  r e s p o n s e  

d a t a  f o r  t h e  p l a i n  f i n i t e  b e a r i n g  a r e  p re sen ted  i n  Refe rence  4 .  A l so ,  a f u r -  

t h e r  e x t e n s i o n  of t h e  a n a l y s i s  t o  t h e  s p i r a l - g r o o v e d  j o u r n a l  b e a r i n g  i s  g iven  

w i t h  accompanying t h e o r e t i c a l  r e s u l t s .  These t h e o r e t i c a l  d a t a  f o r  t h e  s p i r a l -  

grooved j o u r n a l  b e a s l n g  a r e  used i n  t h i s  r e p o r t  f o r  compar ison  w i t h  t h e  now 

a v a i l a b l e  e x p e r i m e n t a l  r e s u l t s .  
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TEST APPARATUS AND INSTRUMENTATION 

The b a s i c  e l e m e n t s  o f  t h e  t e s t  a p p a r a t u s  a r e  a grooved s h a f t ,  two p l a i n  b e a r i n g  

s l e e v e s  mounted i n  a h o u s i n g ,  two h o u s i n g  end p l a t e s  i n c o r p o r a t i n g  c a r b o n  b u t t o n s ,  

and a h y d r o s t a t i c  l i f t e r - l o a d e r  b e a r i n g .  

b a s e  p l a t e  so t h a t  i t  c a n  be b o l t e d  d i r e c t l y  t o  a shake t a b l e  w i t h  a n  e i g h t  (8) 

i n c h  b o l t  c i r c l e .  The e n t i r e  w e i g h t  of  t h e  t e s t  a p p a r a t u s  i s  a p p r o x i m a t e l y  100 

pounds.  The 1.5 i n c h  d i a m e t e r  j o u r n a l ,  which i s  8.75 i n c h e s  l o n g  w i t h  16 t u r b i n e  

b l a d e s  on one end ,  i s  d e p i c t e d  i n  F i g u r e  l a .  T o t a l  r o t o r  w e i g h t  i s  4 .25  pounds.  

These two p a r t i a l l y - g r o o v e d  a r e a s  r u n n i n g  a g a i n s t  smooth c a r b o n  g r a p h i t e  s l e e v e s  

compr ise  t h e  t e s t  b e a r i n g s .  These b e a r i n g s  have 36 e t c h e d  grooves  p e r  s i d e ,  a t  

a s p i r a l  a n g l e ,  (3 = 25 ' .  Groove d imens ions  a r e  0 .021  i n c h e s  w i d e ,  0 .345  i n c h e s  

l o n g  and from 500 t o  600 m i c r o i n c h e s  d e e p .  The r a t i o  o f  groove  w i d t h - t o - r i d g e  

w i d t h  i s  0 . 5 4 .  A t  z e r o  speed ,  t h e  r a d i a l  c l e a r a n c e  i s  495 m i c r o i n c h e s .  A t  

30,000 rpm, t h e  r a d i a l  c l e a r a n c e  h a s  been c a l c u l a t e d  t o  be 480 m i c r o i n c h e s .  There-  

f o r e ,  t h e  groove  c l e a r a n c e - t o - r i d g e  c l e a r a n c e  r a t i o  v a r i e s  f rom a p p r o x i m a t e l y  2 .O 

t o  2 . 2 5 .  The a x i a l  l e n g t h  of  t h e  grooves  t a k e s  up 46 p e r c e n t  o f  t h e  e n t i r e  b e a r -  

i n g  l e n g t h  o f  1 .5  i n c h e s ,  (LID = 1). Measured between t h e  mid-p lanes ,  t h e  b e a r i n g  

s p a n  i s  5 . 5  i n c h e s .  The s h a f t  may be l i f t e d  f o r  s t a r t - u p  and shutdown by a hydro- 

s t a t i c  l i f t e r - l o a d e r  b e a r i n g ,  l o c a t e d  between t h e  two t e s t  b e a r i n g s .  A n o z z l e  

r i n g  i n  c o n j u n c t i o n  w i t h  t h e  16 b l a d e s  on  t h e  s h a f t  compr ise  a n  impulse- type  

d r i v e  t u r b i n e .  Each end p l a t e  h a s  a carbon b u t t o n ,  w i t h  one b u t t o n  b e i n g  a d j u s t -  

a b l e .  These b u t t o n s  p r o v i d e  a means f o r  c e n t e r i n g  t h e  s h a f t  a x i a l l y  and f o r  

c a r r y i n g  a s l i g h t  t h r u s t  l oad  when n e c e s s a r y .  

I t s  h o u s i n g  h a s  a n  i n t e g r a l  c i r c u l a r  

The s h a f t  c o u l d  be d r i v e n  t o  a maximum speed o f  o n l y  34,000 rpm because  of  t h e  

plumbing l i m i t a t i o n s  a t  t h e  shake  t a b l e  f a c i l i t y .  However, t h e  speed was h e l d  

c o n s t a n t  - v a r y i n g  a p p r o x i m a t e l y  f 2 c p s  d u r i n g  a 7-112 minute  r u n .  Speed was 

measured w i t h  a n  o p t i c a l  p robe  and f r e q u e n c y  c o u n t e r .  

a p a i n t e d  p a t t e r n  on  t h e  end of  t h e  s h a f t ,  and t h e  s i g n a l  i s  i n d i c a t e d  on t h e  

f r e q u e n c y  c o u n t e r .  

The o p t i c a l  p robe  c o u n t s  

Tempera ture  o f  e a c h  b e a r i n g  was r e c o r d e d  by thermocouples  embedded i n  t h e  c a r b o n  

g r a p h i t e .  The e f f e c t  of  t h e  c o o l  n i t r o g e n  blowing p a s t  t h e  one b e a r i n g  a s  i t  
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escaped  from t h e  t u r b i n e  a r e a  could  t h u s  be de t e rmined .  Before  each  t e s t  was 

made a t  a g iven  c o n s t a n t  speed ,  t h e  t empera tu res  of b o t h  b e a r i n g s  were a l lowed 

t o  r e a c h  e q u i l i b r i u m .  

The l i f t e r - l o a d e r  b e a r i n g  was n o t  used d u r i n g  t h e s e  t e s t s  f o r  a p p l y i n g  a n  ex- 

t e r n a l  load  t o  t h e  t e s t  b e a r i n g s .  Only t h e  r o t o r  we igh t  i t s e l f  loaded  t h e  

b e a r i n g s .  A t  12 ,000  rpm, t h i s  c o r r e s p o n d s  to  a n  e c c e n t r i c i t y  r a t i o  of E x .1 

and a t  30,000 rpm, E = .05.  A s  an  e x t r a  p r e c a u t i o n  a t  s t a r t - u p  and shutdown, 

a s l i g h t  p r e s s u r i z a t i o n  of  t h e  l i f t e r - l o a d e r  b e a r i n g  was a p p l i e d  t o  l i f t  t h e  

r o t o r  f rom t h e  t e s t  b e a r i n g s .  

0 

0 

The s h a f t  d i s p l a c e m e n t  ( o u t p u t )  was measured by two h o r i z o n t a l  ( p e r p e n d i c u l a r )  

and two v e r t i c a l  ( i n - l i n e )  c a p a c i t a n c e  p robes .  These f o u r  c a p a c i t a n c e  p robes  

were s p e c i a l l y  f a b r i c a t e d  t o  have a c a p a c i t a n c e  r ange  of 6 t o  30 p i c o - f a r a d s  

f o r  u se  w i t h  t h e  Photocon-Dynagage* sys t em.  

two p robes  l o c a t e d  inboa rd  from t h e  b e a r i n g  i t s e l f  and mounted i n  t h e  h o u s i n g .  

An a c c e l e r o m e t e r  was mounted on t h e  hous ing  t o  measure t h e  G- l eve l  of v i b r a -  

t i o n  i n p u t .  

Each t e s t  b e a r i n g  has  a s e t  of  

F i g u r e s  l b ,  IC and Id i l l u s t r a t e  e s s e n t i a l l y  t h e  e n t i r e  t e s t  i n s t r u m e n t a t i o n  

s e t u p .  
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EXPERIMENTS 

The r o t o r - b e a r i n g  hous ing  assembly was mounted on t h e  shake  t a b l e .  

l b ) .  I n  a l l  t e s t s ,  t h e  r o t o r  a t t a i n e d  a c o n s t a n t  speed and the  b e a r i n g s  an  e q u i l -  

i b r i u m  t e m p e r a t u r e .  

and t empera tu re  

(Note F i g u r e  

The b e a r i n g s  communicated w i t h  normal a tmosphe r i c  p r e s s u r e  

The f i r s t  t e s t  was a 20-2000 c p s  log-sweep a , t  one (1) g i n p u t  v i b r a t i o n  l e v e l  r e -  

q u i r i n g  a 7-112 minute  t i m e  d u r a t i o n .  The o n l y  s t a t i c  load  on t h e  b e a r i n g s  was 

t h e  r o t o r  w e i g h t  of  4 .25  pounds.  

20 ,000  and 30,000 rpm. 

and p e r p e n d i c u l a r  d i s p l a c e m e n t s  of t h e  r o t o r  ( o u t p u t )  and of t h e  v i b r a t i o n  ampl i -  

t ude  of  t h e  shake  t a b l e  ( i n p u t )  d u r i n g  t h e  e n t i r e  t e s t .  An o s c i l l o s c o p e  was a l s o  

used t o  d i s p l a y  t h e  r o t o r  i n - l i n e  d i sp lacemen t  v e r s u s  t h e  shake r  i n p u t .  

T h i s  t e s t  was performed a t  speeds  of  12 ,000 ,  

A pape r  r e c o r d i n g  ( V i s i c o r d e r )  was made of t h e  i n - l i n e  

A t  a l l  t h r e e  s p e e d s ,  r e s o n a n c e s  were d e t e c t e d  a t ,  o r  n e a r ,  "ha l f - f r equency"  and 

a t  a h i g h e r  f r e q u e n c y  which v a r i e d  from 550 t o  700 c p s  - depending  on t h e  r o t o r  

s p e e d .  D i s c r e t e  f r e q u e n c y  t e s t s  were then  made w i t h  a s lower  r e c o r d e r  pape r  

speed a t  t h e s e  r e s o n a n t  f r e q u e n c i e s  i n  o r d e r  t o  s t u d y  i n  d e t a i l  t h e  phase  r e l a -  

t i o n  between t h e  i n p u t  and o u t p u t ,  and t o  o b t a i n  a more a c c u r a t e  r e s p o n s e  mag- 

n i t u d e  r e a d i n g .  Both i n - l i n e  and p e r p e n d i c u l a r  r e s p o n s e s  were s t u d i e d .  

The f i n a l  t e s t  was a 1 - g  r m s  f l a t - s p e c t r u m ,  random i n p u t  t e s t  a t  12,000 rpm. The 

i n - l i n e  r e s p o n s e  of t h e  r o t o r  a t  one b e a r i n g  p o s i t i o n  was r eco rded  on t a p e  and 

t h e s e  r e s u l t s  were t h e n  ana lyzed  t o  o b t a i n  a "power s p e c t r a l  d e n s i t y "  p l o t .  
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DISCUSSION OF EXPERIMENTAL RESULTS 

F i g u r e s  2 ,  3 ,  and 4 g i v e  a comparison of t heo ry  and exper iment  f o r  t h e  i n - l i n e  

and p e r p e n d i c u l a r  f r equency  r e sponse  magnitude f o r  t h r e e  r o t o r  speeds  of  12 ,000  

20,000 and 30,000 rpm r e s p e c t i v e l y .  The con t inuous  s o l i d  l i n e  i s  t h e  t h e o r y ,  

(Ref.  4)and t h e  p o i n t s  symbolized by (x and 0 )  a r e  t h e  e x p e r i m e n t a l  p o i n t s  f o r  

t h e  two s p e c i f i c  b e a r i n g s .  One can  n o t e  the g e n e r a l l y  good c o r r e l a t i o n  between 

t h e o r y  and expe r imen t .  There a r e  two r e s o n a n t  f r e q u e n c i e s ;  one a t  o r  nea r  112 

f r equency ,  t h e  o t h e r  i n  t h e  h i g h  f r equency  r ange  of  f rom 550 t o  700 cps .  The 

i n - l i n e  r e s p o n s e  magnitudes a t  t h e s e  two re sonances  a r e  abou t  e q u a l  a t  12,000 

rpm. A t  t h e  h i g h e r  r o t o r  speed  of  20,000 rpm,  t h e  112 f r equency  r e s o n a n t  mag- 

n i t u d e  i s  c o n s i d e r a b l y  reduced  and a t  s t i l l  a h i g h e r  r o t o r  speed of 30,000 r p m ,  

t h i s  r e s p o n s e  i s  h a r d l y  n o t i c e a b l e .  On t h e  o t h e r  hand ,  t h e  magnitude of t h e  

h i g h  f r e q u e n c y  r e sonance  i s  n o t  e f f e c t e d  by t h e  i n c r e a s e  i n  speed ,  i . e . ,  i t  

r ema ins  r a t h e r  c o n s t a n t  a t  around 7 ( o r  8) t o  1. The p e r p e n d i c u l a r  r e s p o n s e  

magnitude i s  c o m p a r a t i v e l y  s m a l l  (15 p e r c e n t  of  t h e  i n - l i n e  r e sponse  magnitutie) 

a t  t h e  h i g h  f r e q u e n c i e s  i n c l u d i n g  t h e  r e s o n a n t  f r e q u e n c y ,  b u t  a t  112 f r equency  

t h e  p e r p e n d i c u l a r  r e s p o n s e  magnitude i s  approx ima te ly  65 p e r c e n t  of t h e  i n -  l i n e  

r e s p o n s e .  N o t i c e  t h e  s t i f f e n i n g  e f f e c t  o f  i n c r e a s i n g  t h e  r o t o r  speed by examin- 

i n g  t h e  low f r equency  i n - l i n e  r e s p o n s e .  A t  12 ,000  rpm t h e  r e s p o n s e  i s  2 . 9  t o  1, 

a t  20,000 rpm t h e  r e s p o n s e  i s  2 . 3  t o  1, and a t  30 ,000  rpm, 1 .3  t o  1. I n  a d d i t i o n ,  

n o t i c e  t h a t  t h e r e  i s  e s s e n t i a l l y  no m e a s u r a b l e  r e s p o n s e  a t  f r e q u e n c i e s  above t h e  

l i igh f r e q u e n c y  r e s o n a n c e .  

F i g u r e  5 c a n  be used t o  examine t h e  phase  r e l a t i o n s h i p  between t h e  i n p u t  and o u t -  

p u t ,  ( r o t o r  r e s p o n s e ) .  T h i s  f i g u r e  c o n s i s t s  of  t h r e e  sampl ings  of t h e  V i s i c o r d e r .  

Each sampl ing  c o n s i s t s  of f i v e  d i s t i n c t  r e c o r d i n g s .  From l e f t  t o  r i g h t :  t h e  f i r s t  

two c o r r e s p o n d  t o  t h e  i n - l i n e  r e s p o n s e  (two b e a r i n g s ) ;  t h e  second two co r re spond  

t o  t h e  p e r p e n d i c u l a r  r e s p o n s e ;  and t h e  f i f t h  r e c o r d i n g  i s  t h e  i n p u t  t o  t h e  shake-  

t a b l e  and b e a r i n g  h o u s i n g .  The h o r i z o n t a l  l i n e  i s  a t i m i n g  l i n e .  The t h e o r y ,  

(Ref .  4 )  , p r e d i c t s  t h a t  t h e  i n - l i n e  r e sponse  should  be i n  phase w i t h  t h e  i n p u t  

and t h e  p e r p e n d i c u l a r  r e s p o n s e  shou ld  b e  90" l a g g i n g  a t  t h e  112 f r equency  r e s o n -  

a n c e .  I n d e e d ,  t h i s  i s  borne  o u t  by t h e  e x p e r i m e n t a l  d a t a  shown by t h e  f i r s t  two 

s a m p l i n g s ,  5a and 5b ,  c o r r e s p o n d i n g  t o  r o t o r  speeds  of 12,000 rpm and 30,000 rpm 

r e s p e c t i v e l y .  



The t h e o r y  f u r t h e r  p r e d i c t s  t h a t  bo th  t h e  i n - l i n e  and p e r p e n d i c u l a r  r e s p o n s e s  

should  be 90' l a g g i n g  a t  t h e  h i g h  f r equency  r e s o n a n c e .  

sampl ing ,  F i g u r e  5c ,  shows t h e  i n - l i n e  response  t o  be l a g g i n g  by approx ima te ly  

90" a t  560 c p s .  

background n o i s e  of i n s t r u m e n t a t i o n  and one canno t  d e t e r m i n e  t h e  phase  r e l a t i o n -  

s h i p .  

The t h i r d  r e c o r d e r  

The p e r p e n d i c u l a r  r e sponse  i s  sma l l  and overshadowed by t h e  

An i n t e r e s t i n g  o b s e r v a t i o n  was made on t h e  o s c i l l o s c o p e  a t  h a l f  f r equency  a t  

a l l  r o t o r  s p e e d s .  

an  o r b i t i n g  b r i g h t  s p o t .  J u s t  under h a l f  f r equency ,  t h e  b r i g h t  s p o t  r o t a t e d  

i n  one d i r e c t i o n ;  r i g h t  a t  h a l f  f r equency  the s p o t  was s t a t i o n a r y ;  j u s t  above 

h a l f  f r equency  t h e  b r i g h t  s p o t  r o t a t e d  i n  the  o p p o s i t e  d i r e c t i o n .  Perhaps  one 

might  u s e  t h i s  i n f o r m a t i o n  t o  d e t e r m i n e  t h e  e x a c t  r o t o r  speed w i t h o u t  u s i n g  a 

f r e q u e n c y  meter. 

The "scope" p i c t u r e  was e l l i p t i c a l  i n  n a t u r e  and c o n t a i n e d  

I n  F i g u r e  6 ,  a s e r i e s  of  o s c i l l o s c o p e  photographs  a r e  g i v e n  which i l l u s t r a t e  

t h e  i n - l i n e  r e s p o n s e  of t h e  r o t o r  ( v e r t i c a l  a x i s )  v e r s u s  t h e  i n p u t  t o  t h e  hous-  

i n g  ( h o r i z o n t a l  a x i s )  f o r  a f r equency  r a n g e  of from 90 c p s  ( j u s t  under 1 / 2  

f r equency)  t o  700 c p s  a t  a r o t o r  speed of 12,000 rpm. These f i g u r e s  a r e  p e r -  

haps  b e s t  unders tood  i f  one c o n s i d e r s  t h e  fo l lowing :  

L e t  t h e  i n p u t  ( x - a x i s )  be r e p r e s e n t e d  by x = a c o s  u t ,  and t h e  o u t p u t  

( y - a x i s )  by y = b c o s  (ut - 8 ) .  These two p a r a m e t r i c  e q u a t i o n s  a r e  equ iv -  
2 2 

a l e n t  t o  t h e  one e q u a t i o n  f o r  an e l l i p s e ,  (z) - 2 (:)(:) c o s  8 + (:) 

s i n  8 .  I n  t h i s  e q u a t i o n ,  8 i s  t h e  phase a n g l e  between t h e  i n p u t  and i n -  

l i n e  r o t o r  r e s p o n s e  ( o u t p u t ) .  From the  t h e o r y ,  we a l r e a d y  know t h a t  t h i s  

phase  a n g l e  i s  z e r o  a t  t h e  "ha l f  f requency" r e s o n a n c e ,  8 = -90' a t  t h e  

h i g h  f r e q u e n c y  r e sonance  and 8 = -180" a t  f r e q u e n c i e s  above t h i s  h igh  f r e -  

quency r e s o n a n c e .  Now c o n s i d e r  t he  photographs  i n  F i g u r e  6 .  I f  8 = 0" o r  

-180", t h e  above e q u a t i o n  r e d u c e s  t o  s t r a i g h t - l i n e  e q u a t i o n s  

Y S - 3  r e s p e c t i v e l y .  
b a 
l i n e  w i t h  a p o s i t i v e  s l o p e  and a t  700 c p s ,  t h e  photograph  i s  a s t r a i g h t  

l i n e  w i t h  a n e g a t i v e  s l o p e .  Th i s  i n d i c a t e s  t h a t  t h e  h a l f  f r equency  r e s o n -  

ance  i s  s l i g h t l y  below 100 c p s ,  o r  about  90 c p s ,  and t h a t  t h e  h i g h e r  

= 

2 

= ' and b a '  
Note t h a t  a t  90 c p s ,  t h e  photograph  i s  a s t r a i g h t  
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r e s o n a n t  f r equency  l i e s  below 700 c p s .  I f  = - g o o ,  t h e  above e q u a t i o n  

r e d u c e s  t o  a p r i n c i p a l  e l l i p s e  - r e f e r  t o  t h e  pho tographs  a t  560 c p s  and 

600 c p s .  The photographs  f o r  110 c p s  and 200 c p s  i l l u s t r a t e  t h a t  d h a s  

some v a l u e  othel ;  t h a n  0" , f 90" o r  2 180". 

and d = -45" a t  200 c p s .  

I n  t h e o r y ,  d = -10" a t  110 c p s  
e 

F i g u r e  7 i l l u s t r a t e s  t h e  r e s u l t s  of  a l g  rms f l a t  spec t rum random i n p u t  t e s t  a t  

12,000 r p m .  Measurement of  t h e  magnitude of t h e  i n - l i n e  r o t o r  r e sponse  was made 

a t  one b e a r i n g  p o s i t i o n .  The r e s u l t s  (power s p e c t r a l  d e n s i t y )  i n d i c a t e  t h a t  t h e  

m a j o r i t y  of  t h e  "power" i s  a t  t h e  two r e sonances  approx ima te ly  100 c p s  and 650 

c p s .  T h i s  c o n f i r m s  what  h a s  been observed  and d i s c u s s e d  above;  f o r  example,  

F i g u r e  2 ,  3 and 4 .  G e n e r a l l y  s p e a k i n g ,  t h e  sys t em behaves  more o r  l ess  l i k e  a 

l i g h t l y  damped l i n e a r  sys t em - b u t  w i t h  two r e s o n a n c e s .  

Dur ing  t h e s e  t e s t s ,  t h e  t empera tu re  a t  each  b e a r i n g  l o c a t i o n  was measured.  T h i s  

a l lowed one t o  d e t e r m i n e  t h e  e q u i l i b r i u m  t empera tu re  a t  each  r u n n i n g  speed b e f o r e  

t h e  dynamic load  was a p p l i e d .  These t empera tu res  a r e  t a b u l a t e d  below: 

Speed,  rpm Turb ine  End, Bea r ing  Speed Pick-Up End , B e a r i n g  

0 83.25"F 83.25"F 

12,000 85 .2"  F 86 .9"  F 

20,000 91.8" F 95.0" F 

30,000 94.5" F 104.9" F 

The e f f e c t  o f  t h e  c o o l i n g  t u r b i n e - d r i v e  gas  i s  i n d i c a t e d  i n  t h e  above t a b l e .  The 

t e m p e r a t u r e  d i f f e r e n c e  between b e a r i n g s  i s  10°F a t  30 ,000  r p m .  

c o s i t y  d i f f e r e n c e  and a x i a l  t he rma l  d i s t o r t i o n s  a l o n g  t h e  r o t o r  a r e  e s s e n t i a l l y  

n e g l i g i b l e .  It  shou ld  be f u r t h e r  no ted  t h a t  t h e  t e m p e r a t u r e  a t  each  b e a r i n g  

r o s e  g r a d u a l l y ,  t h e  t o t a l  r i s e  b e i n g  t y p i c a l l y  1°F  d u r i n g  a 7-112 minute v i b r a -  

t i o n  t e s t .  

Thus, t h e  v i s -  
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A s imple  r o t o r ,  r o t a t i n g  a t  speeds  o f  12,000,  20,000 and 30,000 rpm, i n  l i g h t l y -  

l o a d e d ,  s p i r a l - g r o o v e d  j o u r n a l  b e a r i n g s  h a s  been s u b j e c t e d  t o  a 1 g v i b r a t o r y  

load  from 20 t o  2000 c p s  and performed a s  p r e d i c t e d  by p r e v i o u s l y  a v a i l a b l e  

t h e o r e t i c a l  d a t a ;  i . e .  , 

a )  Two r e s o n a n c e s  o c c u r r e d  - one n e a r  112 f r equency  and one a t  a much 

h i g h e r  f r e q u e n c y .  

b) The magnitude of  b o t h  t h e  i n - l i n e  and p e r p e n d i c u l a r  f r equency  r e s p o n s e  

a t  112 f r equency  d e c r e a s e d  w i t h  i n c r e a s i n g  speed .  Th i s  i s  an  improve- 

ment o v e r  p l a i n  b e a r i n g  performance.  

C )  The i n - l i n e  magnitude of  t h e  h i g h  f r equency  r e s o n a n c e  remained r a t h e r  

c o n s t a n t  w i t h i n  t h e  speed  r ange  t e s t e d .  The c o r r e s p o n d i n g  pe rpend ic -  

u l a r  r e s p o n s e  was e s s e n t i a l l y  n e g l i g i b l e .  

The r e s o n a n t  f r equency  c o n d i t i o n s  cou ld  be e a s i l y  p i n - p o i n t e d  by ob- 

s e r v i n g  t h e  o s c i l l o s c o p e  p i c t u r e  of t h e  i n - l i n e  f r equency  r e s p o n s e  

v e r s u s  t h e  s h a k e r  i n p u t .  

d )  

e)  A t  f r e q u e n c i e s  above t h e  h i g h  f r equency  r e s o n a n c e  t h e  r e sponse  i s  

n e g l i g i b l e .  

A "power s p e c t r a l  d e n s i t y "  p l o t  was made of t h e  i n - l i n e  r e s p o n s e  magnitude t o  a 

random 1 g r m s  v i b r a t i o n  a t  a r o t o r  speed of 12,000 rpm. The p l o t  shows maximum 

power a t  100 c p s  and 650 c p s ,  co r re spond ing  t o  t h e  h a l f - f r e q u e n c y  and h i g h  f r e -  

quency r e s o n a n c e ,  r e s p e c t i v e l y .  

It  i s  recommended t h a t  t h i s  same r o t o r - b e a r i n g  sys tem be t e s t e d  a t  h i g h e r  r o t o r  

s p e e d s  and p e r h a p s  l a r g e r  g - l e v e l s .  

It i s  f u r t h e r  recommended, t h a t  a t  h i g h e r  speeds  - n e a r  45,000 rpm, t h e  r o t o r -  

b e a r i n g  s y s t e m  be moni tored  v e r y  c l o s e l y  f o r  o b s e r v a t i o n  of  t h e  c r i t i c a l  speed 

o f  t h e  r o t o r .  See Appendix f o r  a d i s c u s s i o n  on r o t o r  c r i t i c a l  speed .  
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NOMENCLATURE USED WITH FIGURES 
-. 

n 

Bear ing  Number: 

p - a b s o l u t e  v i s c o s i t y  o f  g a s ,  p s i - s e c  

'u - a n g u l a r  v e l o c i t y  of r o t o r ,  r a d f s e c  

Pa 
R - r a d i u s  of s h a f t ,  i n .  

C - r a d i a l  c l e a r a n c e ,  i n .  

- ambient  p r e s s u r e ,  p s i a  

L/D S l e n d e r n e s s  R a t i o :  

L - b e a r i n g  l e n g t h ,  i n .  

D - b e a r i n g  d i a m e t e r ,  i n .  

2 MCru tJ = -  
2LDp a 

Mass Parameter :  

2 
M - mass of r o t o r  p e r  b e a r i n g ,  1 b . s e c  / i n .  

E = e/C E c c e n t r i c i t y  R a t i o :  
0 

e - r a d i a l  d i s p l a c e m e n t  of s h a f t ,  i n .  

E 2DLpa e 

C V 
- -  - R e  s ponse Ma g n i  t ude : t - -  

Nt 

e - d i s p l a c e m e n t  due t o  dynamic load ,  i n .  

V - mG 

m - r o t o r  w e i g h t  p e r  b e a r i n g ,  l b .  

G - a / g ;  number of G ' s  a c c e l e r a t i o n  

t 
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Groove Pa rame te r s  : 

ag /a r  - Groove w i d t h l r i d g e  w i d t h  

hg/hr - Groove c l e a r a n c e l r i d g e  c l e a r a n c e  

B - S p i r a l  a n g l e ,  d e g .  

Y - T o t a l  groove a x i a l  l e n g t h l b e a r i n g  l e n g t h  
- 

f = -  a Frequency R a t i o :  
'A 

a, v i b r a t i o n  f r equency  o r  w h i r l  f r equency ,  r a d l s e c  

61e  Disp lacement  R a t i o  : 

6 ,  d i s t a n c e  between r o t o r  mass c e n t e r  and r o t o r  geomet r i c  c e n t e r ,  i n .  



APPENDIX 

R o t o r  C r i t i c a l  Speed 

The r o t o r  c r i t i c a l  speed may be de t e rmined  from t h e  f o l l o w i n g  e q u a t i o n  and con- 

d i t i o n :  (See R e f .  5 f o r  d e r i v a t i o n ) .  

6 
e M i n i m i z a t i o n  o f  - r e p r e s e n t s  t h e  p o i n t  o f  t he  r o t o r  c r i t i c a l  s p e e d .  

Kr = dynamic r a d i a l  s t i f f n e s s  a s s o c i a t e d  w i t h  synchronous ly  w h i r l i n g  

r o t o r ,  1 b . l i n .  
2 m = mass of  r o t o r  p e r  b e a r i n g ,  1 b . s e c  / i n .  

d = dynamic a t t i t u d e  a n g l e ,  d e g .  

03 = r o t o r  r o t a t i n g  speed  e q u a l  t o  w h i r l i n g  speed ,  r a d l s e c .  

6 = d i s t a n c e  between r o t o r  mass c e n t e r  and r o t o r  geomet r i c  c e n t e r ,  i n .  

e = b e a r i n g  e c c e n t r i c i t y ,  i n .  

6 
e F o r  t h e  p r e s e n t  r o t o r - b e a r i n g  sys t em t h e  value o f  - c a l c u l a t e d  a c c o r d i n g  t o  

Eq. ( A . l )  h a s  been  p l o t t e d  v e r s u s  t h e  r o t o r  speed i n  F i g .  8 .  N o t i c e  i t  r e a c h e s  

a minimum v a l u e  between 42,000 and 48,000 rpm. P l o t t e d  o n  t h e  same g raph  i s  

t h e  v i b r a t i o n  f r e q u e n c y  r a t i o ,  f ,  a s s o c i a t e d  w i t h  t h e  maxinium a m p l i t u d e  of tile 

i n - l i n e  r o t o r  r e s p o n s e  a t  t h e  h i g h e r  r e sonance  c o n d i t i o n .  Note t h a t  t h i s  c u r v e  

h a s  a f r e q u e n c y  r a t i o  of f = 1 a t  approx ima te ly  45,000 rprn. These two methods 

t h u s  p r e d i c t  t h e  r o t o r  c r i t i c a l  speed a t  45,000 rpm.  

I n  R e f .  [l] i t  was r e p o r t e d  t h a t  t h i s  r o t o r  c r i t i c a l  speed  cou ld  n o t  be obse rved  

on  t h e  o s c i l l i s c o p e .  T h i s  i n a b i l i t y  t o  obse rve  t h e  synchronous  w h i r l  o r b i t  was 

due  t o  two r e a s o n s :  

(1) t h e  g r a d u a l  b e h a v i o r  of  t h e  S / e  v e r s u s  speed c u r v e  a t  i t s  minimum, 

(See F i g .  8) and 

( 2 )  t h e  c a l c u l a t e d  v a l u e  of t h e  synchronous w h i r l  o r b i t  i s  less than  5 

o i i c r o - i n .  based on 61e = k, ( F i g .  8) and a measured unbalance  of  40 

micro -ounce - in .  T h i s  i s  l e s s  t h a n  t h e  o s c i l l i s c o p e ,  t o t a l  r e a d i n 2  

e r r o r  of  10 m i c r o - i n .  
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IN-LINE (VERTICAL) CAPACITANCE PROBES, 

PERPENDICULAR (HORIZONTAL) CAPACITANCE PROBES I 

ACCELEROMETER FOR MEASURING G-LEVEL OF SHAKE 

LIGHT PROBE FOR MEASURING FLUCTUATION OF AN 

BASE PLATE OF HOUSING INDICATING ATTACHMENT WITH 

COMPRESSED GAS INLET TO TURBINE DRIVE, 
Hous I NG ENCLOS ING TEST ROTOR AND BEAR I NG , 

T A B L E  I N P U T ,  

ALTERNATELY P A I N T E D  SHAFT END, 

SHAKE T A B L E 1  

F i g .  l b  Close-up of Test  R i g  

MTI-3456 
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P P P  

VISICORDER FOR INDICATING DISPLACEMENT OF ROTOR 

PHOTO-CON MEASURING FQUIPMENT FOR PICKING UP 

CAPACITANCE PROBE SIGNAL THROUGH A TRANSDUCER , 

FOTON IC SENSOR USED TO SUPPLY FREQUENCY COUNTER 
WITH VOLTAGE CHANGE, 

SHAKE-TABLE I 

PAPER RECORDER FOR INDICATING TEMPERATURE OF BEARINGS, 

FREQUENCY COUNTER FOR INDICATING SHAFT SPEED, 

W I T H  RESPECT TO F I X E D  BEARING,  

Fig. IC Overall View of Instrumentation 
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LING ELECTRON I c SHAKE-TABLE EQU I PMENT 

CONSOLE I 

Low STIFFNESS SPRING USED TO RELIEVE 
HOUSING DEAD WEIGHT LOAD FROM SHAKE- 
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12,000 RPM ROTOR SPEED 100 CPS VIBRATION FREQUENCY (75% SIZE) 

F i g .  5a Recorder  Output  Sampling Showing Phase Angle of X and Y 

Output  a t  f n, 1/2,  12,000 rpm. 

30,000 RPM ROTOR SPEED 250 CPS VIBRATION FREQUENCY 

F i g .  5b Recorde r  Output  Sampling Showing Phase Angle of X and Y 
Output  a t  f * 1/2, 30,000 rpm. 

12,000 RPM ROTOR SPEED 560 CPS VIBRATION FREQUENCY 

F i g .  5c Recorde r  Output  Sampling Showing Phase Angle of X and Y 

Output  Near High Frequency Resonance, 12,000 rpm. 
MI-3457 
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